The interaction of estradiol, estrone, progesterone and testosterone with environmentally relevant concentrations of Aldrich humic acid, alginic acid and tannic acid was studied using solid-phase microextraction (SPME). Since bulk organic matter and certain hormones such as estradiol and estrone contain dissociable functional groups, the effect of pH on sorption was investigated as this will influence their fate and bioavailability. For humic acid and tannic acid, sorption was strongest at acidic pH when the bulk organic matter was in a non-dissociated form and decreased when they became partially negatively charged. At acidic and neutral pH the strength of partitioning was influenced by hormone functional groups content, with the strongest sorption observed for progesterone and estrone. At alkaline pH conditions, when the bulk organics were dissociated, sorption decreased considerably (up to a factor of 14), although the non-dissociated hormones testosterone and progesterone indicated greater sorption to humic acid at pH 10 compared to the partially deprotonated estradiol and estrone. This study demonstrates that SPME can be used to assess organic matter sorption behaviour of a selected range of micropollutants and at environmentally relevant organic matter concentrations.
Introduction
Steroidal hormones, such as 17β-estradiol, estrone, progesterone and testosterone, are naturally excreted by humans and many animals. These hormones are essential for growth and development, however, elevated concentrations in the environment can have adverse affects on organisms, such as developmental and reproductive abnormalities in fish (Jobling et al., 1998) . Previous studies have indicated that steroidal hormones are not completely removed during biological wastewater treatment, with estradiol, estrone and testosterone recorded in effluent in low nanogram per litre concentrations (Baronti et al., 2000; Johnson et al., 2005) . This was further confirmed by a study of contaminants in US streams in 1999-2000 which found median concentrations of testosterone and progesterone around 100 ng/L, while estradiol and estrone were an order of magnitude less (Kolpin et al., 2002) . As the more potent hormones, such as estradiol, can have significant implications for 2 aquatic organisms at sub-nanogram concentrations (Purdom et al., 1994; Tabata et al., 2001) , the current concentrations of hormones in natural waters is of concern. In addition to point sources such as wastewater effluent, diffuse sources such as animal agriculture can also contribute to elevated concentrations of steroidal hormones in the aquatic environment (Kolodziej et al., 2004) . A study by Finlay-Moore et al. (2000) demonstrated that land application of chicken broiler litter can lead to runoff concentrations of estradiol and testosterone of up to 2 µg/L. In addition, natural hormones such as estrogens and testosterone are used to increase growth and feeding efficiency of cattle in countries such as the US (Orlando et al., 2004) , therefore runoff from feedlots could potentially increase the concentration of hormones in water.
The fate and behaviour of natural hormones within the environment can be influenced by their interaction with bulk organic matter (Schwarzenbach et al., 2003; . Bulk organic matter can be used as a surrogate for natural organic matter (NOM) of different origins and phases (dissolved, colloidal and particulate) found in water and wastewater. The interactions of steroid hormones with humic acid (HA), alginic acid (AA) and tannic acid (TA) are important as they represent organic matter found in surface water and wastewater. The characteristics of both hormones and organic matter play an important role in the interaction. HA stems from a wide range of sources including vegetation, peat, coal and soil, and can be considered ubiquitous in most aquatic environments (Thurman and Malcolm, 1981) . Due to the high content of the strong acidic functional group carboxylic acid (Table 1) the acid dissociation constant (pK a ) of HA is around 4.26 (Shin et al., 1999) . AA, a polysaccharide, is the main constituent of brown algae, therefore it is found in surface and wastewaters (Davis et al., 2003) . AA is composed of mannuronic (~60%) and guluronic (~40%) acids (De Stefano et al., 2006) and the pK a for AA is around 3.4 (Avaltroni et al., 2007) . TA is an abundant plant polyphenol, and is present in surface waters due to leaching from vegetation (Cruz et al., 2000) . TA contains a range of functional groups, including phenolic, catechol and gallic acid moieties, and due to the presence of phenolic hydroxyl groups (Table 1) the pK a is around 8.5 (Kraal et al., 2006) .
The interaction of hormones with bulk organic matter can have implications for aqueous solubility (Chiou et al., 1986) , toxicity (Traina et al., 1996) , and removal of the hormones during wastewater treatment (Schäfer et al., 2006) . Due to ionisable functional groups pH influences such interactions and hence can affect both transport and bioavailability of hormones in the environment and engineered systems greatly. The strength of the interaction can be related to properties of both the hormones and bulk organic matter including hydrophobicity and functional groups content as well as the solution chemistry (Schlautman and Morgan, 1993a; Schlautman and Morgan, 1993b) . Therefore, the influence of pH (4, 7, 9, 10 and 12) was studied as the organic matter and more potent hormones (estradiol and estrone) have ionisable functional groups. Very few studies have considered the influence of pH on the interaction of hormones with organic matter. Only have studied the sorption of estradiol to colloidal HA as a function of pH (5, 7 and 9). This study indicated there was no significant difference in sorption within this restricted pH range, however the interaction needs to be studied at a wider pH range to incorporate hormone dissociation. In addition, the difference in sorption of dissociating hormones (estradiol and estrone) and non-dissociating hormones (testosterone and progesterone) to organic matter has not previously been explored.
The interaction of steroidal hormones with bulk organic matter was studied using solid-phase microextraction (SPME). SPME can measure the freely dissolved hormone concentration in solution as any hormones bound to organic matter cannot be extracted by the polymer SPME fibre ( Figure 1) (Ramos et al., 1998; Vaes et al., 1996) . In this study a full mass balance form of SPME will be used (Neale et al., 2008) . It is similar to negligible-depletion SPME (nd-SPME) as less than 5% of freely dissolved hormones are extracted to the polymer fibre (Heringa et al., 2002) . However, 3 due to the low concentrations of bulk organic matter in the experiment the mass extracted by the polymer fibre was equal to mass of hormone sorbed to the organic matter. As a result the typical nd-SPME assumptions were not applicable, and a full mass balance was required. SPME has previously been used to study the interaction of phenols and 4-quinolones with HA as a function of pH (Holten Lützhøft et al., 2000; Ohlenbusch et al., 2000) . However the application of SPME to determine the comparative partitioning of hormones to organic matter as a function of pH is novel and the measurement of these interactions is highly relevant to determine the fate of such compounds in the environment.
Materials and Methods

Chemicals:
All chemicals were of analytical grade. The background electrolyte was 1 mM NaHCO 3 20 mM NaCl, and the pH was adjusted using 1 M HCl and NaOH. The radiolabelled hormones used were [2, 4, 6, H] 17β-estradiol (3.15 TBq/mmol), [2, 4, 6, H] estrone (3.55 TBq/mmol), [1, 2, 6, H] progesterone (3.52 TBq/mmol) and [1, 2, 6, H] testosterone (2.70 TBq/mmol) (GE Healthcare, Little Chalfont, UK). The radioactive concentration of all hormones was 37 MBq/mL. Non-labelled hormones (≥98% purity) were purchased from Sigma Aldrich (Gillingham, UK). The properties of the hormones were shown in Table 2 . In all experiments the concentration of hormones ranged from 100 ng/L to 100 µg/L.
Organic Matter:
The bulk organic matter selected represented several types of organic matter present in the natural waters including NOM surrogates, polysaccharides and polyphenols. A wide range of NOM surrogates were studied in our previous work (Neale et al., 2008) and no significant difference in the sorption of estradiol to these organics was observed. Aldrich humic acid, alginic acid (sodium salt) from Macrocystis pyrifera and tannic acid were all purchased from Sigma Aldrich. Aldrich HA may not be a representative natural terrestrial humic acid (Malcolm and MacCarthy, 1986) , however it was selected as it was commonly studied in the literature. The concentration of organic matter in natural waters can vary from 0.5 to 100 mgC/L (Frimmel, 1998) , and due to a reduction in atmospheric acidity the concentration of organic matter in surface waters has increased (Monteith et al., 2007) . In all experiments a concentration of 12.5 mgC/L was used. Selected properties of the studied bulk organics including molecular weight and acidic functional group content were shown in Table 1 . 2.3. SPME Fibre and Protocol: Polyacrylate (PA) fibres were purchased from Polymicro Technologies (Phoenix, USA). The fibre coating thickness was 34.5 µm. In 100 mL flasks radiolabelled hormones and bulk organic matter were added to deionised water containing 1 mM NaHCO 3 and 20 mM NaCl as background electrolyte. The pH was adjusted to 4, 7, 9, 10 and 12 using 1 M HCl and NaOH. At a constant temperature of 25 °C the flasks were shaken for 24 hours at 200 rpm using a Certomat BS-1 incubator shaker (Göttigen, Germany). Following this 5 cm of PA fibre was added to each flask, and these were shaken for 48 hours.
Analysis:
The activity of the fibres was measured using Beckman LS 6500 scintillation counter (Fullerton, USA). The fibres were placed in a vial containing 7 mL of Ultima Gold LLT (Perkin Elmer, Waltham USA) and counted for 10 minutes each. The activity, in disintegration per minute, was used to calculate mass of hormone sorbed to the fibre. The organic matter was analysed using solid-state 13 C cross-polarisation magic-angle spinning (CPMAS) nuclear magnetic resonance (NMR) using a Varian VNMRS spectrophotometer (Palo Alto, USA) operated at 100.56 MHz. Clean and organic matter exposed fibres were also analysed using solid-state 13 C CPMAS NMR.
Determination of Organic Matter Partition Coefficient (K OM ):
The organic matter-water partition coefficient, log K OM (L/kg), was calculated using a linear sorption isotherm of concentration of hormone sorbed to the bulk organic matter, C OM (ng/g), as a function of the concentration of hormone freely dissolved in solution at equilibrium, C W (ng/L). The free and sorbed hormone concentrations were calculated using a full mass balance. The complete methodology used was described in Neale et al. (2008) . The measurement uncertainty associated with log K OM was 5.4%, and this was calculated using error propagation. The measurement 4 uncertainty was mainly due to variations in fibre length, as well as errors associated with analytical equipment.
Results and Discussion
The partitioning of steroidal hormones to Aldrich HA, AA and TA was studied as a function of pH (Table 3) . To consider comparative sorption of steroidal hormones to bulk organic matter the interaction was also studied at neutral pH. The pH of natural waters is generally considered to be between 6 and 9 (Ra et al., 2008) , however this can vary naturally. For example, natural surface water from a volcanic crater lakes can have pH values less than 0.3 due to volcanic gases (Löhr et al., 2005) . Further, the pH can also be varied during water treatment with some chemical clarification processes requiring alkaline pH conditions (Semerjian and Ayoub, 2003) . As variations in pH could have implications for the charge, conformation and solubility of both organic matter and hormones it was important to understand the pH dependence of partitioning.
Comparative Sorption of Different Steroidal Hormones to Bulk Organic Matter:
The partitioning of estradiol, estrone, progesterone and testosterone to bulk organic matter was studied at pH 7 ( Figure 2 ). All hormones partitioned strongest to TA, followed by Aldrich HA and AA. The order of partitioning was not the same for all hormones. For TA and Aldrich HA estrone had the highest K OM followed by progesterone, while testosterone and estradiol were lower, but had similar K OM values. In contrast, for AA K OM was highest for estradiol followed by progesterone and testosterone.
Sorption of hormones to bulk organic matter was dependent on a number of properties of both the sorbent and the sorbate, including acidic functional group content and charge . At pH 7 all hormones were neutrally charged, while Aldrich HA and AA were >99% dissociated and anionic, but TA was primarily in a non-dissociated form (99%). In consequence, the interaction of steroidal hormones was strongest with TA compared to the other organics.
Previous studies have indicated that hormones primarily interact with bulk organic matter through hydrogen bonding which is a specific interaction that occurs between hydrogen donors and acceptors. The bulk organics studied all contained bipolar function groups (both hydrogen donor and acceptors) such as carboxylic, phenolic and hydroxyl groups. The hormones were also bipolar due to hydroxy substituents, except for progesterone which contained monopolar ketone groups only.
The sorption of estrone and progesterone to HA and TA was 2.3 to 7.9 times greater than estradiol and testosterone respectively. This was due to the ketone functional group in C-17 position of estrone and C-20 position of progesterone (refer to Table 2 ). Ketone groups are strong hydrogen acceptors, and a study by Le Questel et al. (2000) demonstrated that the C-20 ketone moiety in progesterone is a triple hydrogen acceptor. The structure of estradiol and estrone is very similar as both have a phenolic hydroxyl group in C-3, however estradiol has a hydroxyl group in C-17 instead of a ketone group. In addition, there are similarities between testosterone and progesterone as both have a ketone group in C-3, but like estradiol, testosterone also has a hydroxyl group in C-17. The order of partitioning was not observed for alginic acid, with the highest partitioning observed for estradiol. TA and HA both contain carboxylic and phenolic hydroxyl groups, while AA primarily contains carboxylic groups (Table 1) . This suggests that carboxylic groups do not interact as strongly with ketone groups as the phenolic hydroxyl moieties found in HA and TA. In addition, no relationship was observed between log K OM and log K OW (Table 2) . While such a correlation was often seen for hydrophobic contaminants such as polycyclic aromatic hydrocarbons (Kopinke et al., 1995) , no relationship between log K OM and log K OW has been observed for steroid hormones in the literature (Holbrook et al., 2004; Liu et al., 2005; .
Hormone Partitioning as a Function of pH:
The interaction of natural steroidal hormones with Aldrich HA, AA and TA was studied at pH 4, 7, 9, 10 and 12 ( Figure 3 ). Tentative dissociation of the bulk organics as a function of pH was also shown in Figure 3 . A limitation of SPME is a reduced capacity to extract charged micropollutants (Escher et al., 2002) . Progesterone and testosterone do not contain ionisable functional groups, therefore they remain in a nondissociated form over the studied pH range, however as estradiol and estrone had pK a values of 10.23 and 10.34 respectively (Kwon et al., 2006) , they began dissociating around pH 9. The fraction of neutral species (f neutral ) in the dissociating hormones can be calculated using Equation 1. Calibration experiments for estradiol and estrone without organic matter showed significantly reduced hormone extraction at alkaline pH (one order of magnitude less at pH 12). Therefore, as sorption of charged species to the fibre at high pH was negligible it was not possible to measure log K OM for estradiol and estrone above pH 10. (1) Another limitation of SPME is the potential for fibre fouling by organic matter as this could lead to an overestimation of partitioning due to altered micropollutant sorption. Previous studies have reported fouling of SPME fibre by protein (Heringa et al., 2006) and humic acid (Zhang et al., 1996) . The solid-state 13 C NMR spectra for clean polyacrylate fibre and polyacrylate fibres exposed to HA and AA for 48 hours are shown in Figure 4 . No difference in spectra was observed in the presence of Aldrich HA or AA. Further, no colour change of fibre which can indicate fouling was detected. No organic matter fouling of the polyacrylate fibres was detectable.
The Aldrich HA -water sorption isotherms are shown in Figure 5 . The results indicate that partitioning was slightly higher at pH 4 for most hormones, when Aldrich HA was only 30-40% dissociated. However, HA was already dissociated at pH 7 (99 %) and at higher pH there was little difference in partitioning.
Solid-state 13 C NMR spectra ( Figure 6a ) indicated Aldrich HA primarily contained aliphatic function groups. This spectra was similar to that published by Shin et al., (1999) , and was because Aldrich HA used in this study was not purified or fractionated. However, the total surface acidity measurements for Aldrich HA indicated it contained both carboxylic (4.80 meq/g) and phenolic hydroxyl (2.26 meq/g) functional groups (Kim et al., 1990) . Zeta potential measurements of Aldrich HA by Yan and Bai (2005) indicated an increased negative charge from pH 4 to 7 (-27 to -38 mV) due to the dissociation of the carboxylic functional groups. The charge was constant from pH 7 to 12 despite the presence of phenolic hydroxyl groups which dissociate around pH 9.9 (pK a for unsubstituted phenol moieties). However, based on zeta potential measurements, it appeared that phenolic groups did not have a significant effect on the charge of Aldrich HA (Yan and Bai, 2005) . Therefore, the small difference in log K OM , particularly for the non dissociating hormones from neutral to alkaline pH was related to HA charge consistency from pH 7 to 12.
The decrease in hormone sorption from acidic to neutral conditions was not only influenced by speciation of HA but also conformational changes. A study by Ghosh and Schnitzer (1980) demonstrated that HA changed from a rigid and coiled structure at low pH to flexible, linear polyelectrolytes at neutral and alkaline pH due to charge repulsion. The uncoiling was thought to reduce the hydrophobicity of Aldrich HA (Ra et al., 2008) , which may reduce partitioning. An alternate view to the polyelectrolyte theory suggests that HA is a supramolecular structure formed by weak bonding of HA molecules (Piccolo, 2001) . Studies have indicated that the molecular mass of HA increased at acidic pH (around 4 -5) due to the formation of hydrogen bonds between the HA molecules (Cozzolino and Piccolo, 2001) . Previous studies have indicated stronger sorption to 6 higher molecular weight organics (Chin et al., 1997) , and this may also account for the increased hormone partitioning in acidic solutions. At pH 10, Aldrich HA was the only bulk organic where a partition coefficient for the partially dissociated estradiol and estrone could be measured. This was due to functional group content of Aldrich HA compared to AA and TA. While the charge of Aldrich HA is dominated by strong acidic functional groups, it also contains other functional groups, such as carbonyl and hydroxyl moieties which are not dissociated at pH 10 (Sparks et al., 1997) . Progesterone and testosterone sorbed stronger to Aldrich HA compared to estradiol and estrone at pH 10, as neutrally charged hormones were more likely to partition to organic matter compared to partly dissociated hormones (31-37% for estrone and estradiol respectively) (Ra et al., 2008) . In addition, in line with pH dependent octanol-water distribution ratios (Log D OW ), the hydrophobicity of estrone and estradiol was reduced from 3.13 to 2.97 and 4.01 to 3.81 at pH 10 respectively (Table 2 ) and this may have decreased partitioning of charged species to bulk organic matter.
Several studies have investigated the effect of pH on the sorption of various micropollutants, such as PAH and tributyltin (Arnold et al., 1998; Schlautman and Morgan, 1993b) to HA using techniques such as equilibrium dialysis and fluorescence quenching. These studies have indicated a decrease in sorption in alkaline conditions due to deprotontation of HA (Schlautman and Morgan, 1993b) . In addition, studied the partitioning of estradiol to colloidal Suwannee River HA at pH 5, 7 and 9 using fluorescence quenching. This study indicated no significant difference in partitioning as a function of pH. This differed from the findings of the present study, however this may be related to the restricted pH range in their study. Due to the high carboxylic acid content of Suwannee River HA (Ritchie and Perdue, 2003) it would be significantly more dissociated at pH 5 compared to pH 4. As estradiol remains undissociated in the studied range, pH would not be expected to have a significant effect on the interaction.
The AA -water sorption isotherms for estradiol, progesterone and testosterone are shown in Figure  7 . Log K OM for AA were generally lower for all hormones in the studied pH range compared to the other bulk organic matter studied. The solid-state 13 C NMR spectrum for AA (Figure 6b ) indicated carboxylic and ringed carbon functional groups which are common for polysaccharides. Based on titration data, the total acidity of AA was predominately due to carboxylic functional groups (7.02 meq/g) (Jeon et al., 2002) , and therefore it began to dissociate from pH 3. Similar to HA, the conformation of AA was affected by solution chemistry. A study by Avaltroni et al. (2007) demonstrated that the structure of AA changed with increasing pH. At acidic pH the structure was coiled and rigid due to intramolecular hydrogen bonding. As the pH increases the structure becomes more linear due to charge repulsion as a result of carboxylic dissociation, and above pH 8 depolymerisation can occur which reduced AA to small, flexible fragments (Avaltroni et al., 2007) .
From the available data, one could observe a slight decrease in partitioning for estradiol and progesterone as pH increased, however this was not statistically significant in the case of progesterone. In contrast, log K OM for testosterone increased significantly as pH increased from pH 7 to 9, which corresponded to the depolymerisation of AA.
With the exception of Neale et al. (2008) who investigated estradiol, the interaction of AA with micropollutants has not been studied as a function of pH. Yamamoto et al. (2004; determined log K OM for AA for a range of estrogenic micropollutants, including estradiol at pH 7. Log K OM for estradiol calculated using solubility enhancement was remarkably similar to results from this study, log K OM 3.75 compared to 3.96.
TA -water sorption isotherms for all hormones were shown in Figure 8 . The effect of pH on partitioning was strongest for TA. Partitioning decreased over one order of magnitude from acidic 7 to alkaline conditions for the majority of the hormones studied. Total surface acidity studies indicated TA contains a high content of phenolic hydroxyl moieties (9.55 meq/g) (Flores-Céspedes et al., 2006) , and started to dissociate around neutral pH conditions (pK a 8.5). The solid-state 13 C NMR spectrum for TA (Figure 6c ) confirmed the total acidity results, as it predominately contained polyphenolic functional groups. The strong sorption to TA was due to hydrogen bonding with the high concentration of phenolic groups present in TA (Jin et al., 2007; .
The strongest partitioning was observed at pH 4 when TA was protonated, and this decreased slightly at pH 7, as TA began to dissociate and undergo hydrolysis to gallic acid (Osawa and Walsh, 1993) . For all hormones there was a significant decrease in partitioning (factor of 4 to 14) from pH 7 to pH 9 due to dissociation of TA. Similar to Aldrich HA, there was no further significant decline in sorption of non-dissociating hormones at pH 10 or 12.
Similar to AA, the partitioning of micropollutants to TA has not been studied as a function of pH. Previously, the interaction of estradiol with TA was studied at pH 7 using fluorescence quenching and solubility enhancement (Yamamoto et al., 2004; . Partitioning of estradiol to TA was higher than SPME when using fluorescence quenching (log K OM 5.28 compared to 4.86), but similar when using solubility enhancement (log K OM 4.94 ).
Conclusions
While many studies have focused on aqueous organic matter-water partition coefficients for estradiol (Bowman et al., 2002; Holbrook et al., 2004; Liu et al., 2005; Neale et al., 2008; , there were less studies on estrone (Bowman et al., 2002; Liu et al., 2005) and progesterone (López de Alda et al., 2002) , and to the authors' knowledge, none for testosterone. In addition, very few studies have looked at partitioning of hormones in acidic or alkaline solutions, or at environmentally relevant (low) concentrations of bulk organic matter. This study indicated that sorption of hormones to organic matter was generally strongest in acidic solutions, due to the non-dissociated form of the organic matter. Partitioning decreases significantly (up to a factor of 14) in alkaline solutions when the organic matter was negatively charged. Knowledge of log K OM is required for environmental models, such as level III fugacity models (MacKay and Paterson, 1991) to determine the fate of contaminants in the aquatic environment. Therefore, the mass balance form of SPME will improve the understanding of hormones in the aquatic environment and can take into account the variations in log K OM with pH, which is a natural variable. Table 1: Selected characteristics of the studied bulk organic matters. Simpson, 2002; b Shin et al. 1999; Davis et al. 2003; d Kraal et al. 2006; Kim et al. 1990; f Jeon et al. 2002; g Flores-Céspedes et al. 2006; Ghosh and Schnitzer, 1980; i Avaltroni et al. 2007; Osawa and Walsh, 1993. (Schwarzenbach et al., 2003) . 
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Figure 3:
Bulk organic matter-water partition coefficients (log K OM ) for estradiol, estrone, testosterone and progesterone, and bulk organic dissociation (%) for a) Aldrich humic acid (Shin et al., 1999) ; b) alginic acid (Davis et al., 2003) ; and c) tannic acid (Kraal et al., 2006) , as a function of pH.
Figure 4:
Solid-state 13 C NMR spectra for a) clean polyacrylate fibre, b) polyacrylate fibre exposed to 12.5 mgC/L humic acid for 48 hours and c) polyacrylate fibre exposed to 12.5 mgC/L alginic acid for 48 hours. 
